and improve the quality of transport services in response to the fluctuating transport demand. The authors present ways to improve the reliability and safety of transport in the street network by using ITS solutions.
Introduction
Transport in urban areas is characterized by the simultaneous occurrence of multiple transport modes and a variety of needs of different user groups. Cities are areas of concentration of economic and social activities that are strictly conditional on the effectiveness of the transport system, including private and public transport and freight transport. The increasing demand for transport causes problems due to high concentration of transport in specific areas, the emergence of congestion and competition between different transport modes for limited resources in the infrastructure. A well-functioning urban transport system should meet the needs of all groups of users such as the residents, businesses and other institutions. According to the concept of city logistics such solutions should optimise the movement of persons, goods and streams of information and minimise the adverse impact of transport on the environment. Transport management in urban areas should be based on two basic assumptions to achieve these objectives. First, it is necessary to diagnose the operating problems of the urban transport system and select appropriate solutions in the area of infrastructure and organization the demand for transport. Second, tools must be selected to carry out these tasks. They should help to control and monitor selected aspects of urban transport and connect different actions on an operational and technical level. The solutions offered by Intelligent Transportation Systems support the practical implementation of planned activities by combining the two pillars (infrastructural and organizational) of logistics management in urban transport [1] . Transport management systems that use modern technologies provide better management of the existing transport infrastructure. American and European studies proved that ITS solutions offer significant benefits [2] . These include less congestion, better safety, more efficient transport (e.g. in terms of travel time), lower environmental impact, more comfort for transport users, improved economic performance of transport processes, less wear and tear on the infrastructure and better use of transport infrastructure. New ITS solutions both in urban areas and on motorways in Poland are currently under way. Such implementations provide opportunities to develop solutions that will ensure better reliability and safety of transport systems. The Tri-City Conurbation (Gdansk, Gdynia, Sopot) authorities decided to implement an Intelligent Transport System (ITS) in 2002, when scientists from the Gdansk University of Technology began conceptual work on the Integrated Transport Management System TRISTAR. After years of work, the project received funding from the Operational Programme Infrastructure and Environment. As a result, steps were taken that will result in the completion of the first stages of TRISTAR implementation in 2015.
Architecture of TRISTAR
Analysis of Tri-City Conurbation transport systems identified a number of transport problems. They are [3] :  high level of congestion, negatively affecting the conditions and quality of travel both for individual and public transport, loss of time and negative impact on the environment, in particular during peak times,  with more social and business activity, mobility and traffic in the Tri-City Conurbation are rising too, making traffic conditions more difficult, while the existing road infrastructure, traffic systems and control do not meet the needs of the volumes and types of traffic.  lack of parking space management, in particular in central areas, leading to congestion caused by driving in search of parking spaces,  high costs of incidents and high costs incurred when the street network is congested as a result of road incidents,  rescue operations are affected because of the difficulty with identifying the scene of the incident, reaching it and providing help,  public transport is not prioritized in traffic, increasing travel times and making public transport less attractive compared to the use of private cars,  poor information about traffic and driving conditions both before and during travel. The decision was made to implement the ITS in the Tri-City Conurbation to solve the problems mentioned above. The Tri-City Conurbation (Gdansk, Gdynia, Sopot) authorities decided to implement an Intelligent Transport System (ITS) in 2002, when scientists from the Gdansk University of Technology began conceptual work on the Integrated Transport Management System TRISTAR. After years of work, the project received funding from the Operational Programme Infrastructure and Environment. As a result, steps were taken that will result in the completion of the first stages of TRISTAR implementation in 2015. The project has been developed within key elements defined in the TRISTAR system architecture, including the basic layout of the Tri-city street ( Fig. 1 ) with about 150 intersections and pedestrian crossings equipped with traffic signals, communication infrastructure (including fibre optic cable) about 100 km long, installation of 60 video surveillance cameras (CCTV), 60 cameras to identify vehicles (ANPR), about 70 variable message signs at public transport stops, more than 20 variable message signs (VMS) and variable message boards (VMB) for drivers and equipping nearly 700 public transport vehicles with position transmitters and onboard computers [4] . The final system will be expanded and will include all junctions equipped with traffic signals. It will be integrated with the future National Traffic Management System foreseen to be implemented on express roads (Tri-city Ring Road, South Ring Road) as well as with systems for airports, rail and Tri-City sea ports.
Fig. 1 The streets of the Tri-City included in TRISTAR system.
The architecture defines a four-level, hierarchical functional structure (metropolitan, urban, zone and local management levels). The level of urban management, also called the strategic level or central management layer, covers urban traffic management in the Tri-City. Key demands will be implemented at this level in accordance with the transport policies of the cities that from part of the TriCity Conurbation. The primary function of the central level, physically located in two Transport Management Centres (in Gdansk and Gdynia) is the integration of all the systems (subsystems) included in the on-going stage of TRISTAR system implementation ( Fig. 2) [4] .
Fig. 2 The general functional structure of TRISTAR system implementation.
The integration within TRISTAR will be achieved through dedicated hardware and software, a common data network and a common database to enable the mutual processing of information provided by the Urban Traffic Management System (UTMS), the Public Transport Management System (PTMS) and Transport Planning System (TPS). The use of hierarchical and modular structure of the system will allow for the expansion of TRISTAR in the future through the addition of new components of implemented subsystems and new functional subsystems and modules. The main task of the central system is the integration of systems, subsystems and modules through the collection, processing and distribution of data [4] . The Traffic Control System (TCS) is an element (subsystem) of UTMS. TCS enables adaptive control of traffic signals at 150 junctions in the Tri-City. Control parameters (cycle length, the split of green and offsets) at junctions are determined automatically for each sub-area by the central level. For this purpose, the BALANCE control system (balancing adaptive network control method) [5] , [6] is implemented. BALANCE uses genetic algorithms which help to minimise the loss of time, number of vehicle stops and length of queues in the designated area. At the same time the EPICS local control system takes control over each single junction. The EPICS model-based traffic adaptive control method optimizes on the basis of the current traffic using the status changes of the detectors (a deterministic model similarly to the TRANSYT model that has been developed for EPICS) [7] . Signals at junctions according to the defined weights may be controlled more locally (EPICS) or taking into consideration the parameters of the traffic in the designated area of the street network (BALANCE). TCS controls traffic with priorities for public transport vehicles. For this purpose appropriate detection equipment in public transport vehicles and solutions for vehicle location provided in PTVMS are used. This helps to address the priorities for public transport vehicles on the basis of vehicle delays in relation to the timetable. The primary function of the MTSS is to deliver and collect specific information regarding the number and type of vehicles moving in the area covered by the system in the data warehouse. This module primarily uses traffic measurement stations and other detectors installed at junctions and in the street network. MTSS provides data on e.g. the level of service and average speed of vehicles. Video Surveillance System (VSS) provides images from cameras (CCTV) placed at critical points of the road network. The main task of WPMS is to collect and store data in databases and data warehouses and provide information on weather conditions in the Tri-City Conurbation. PGS provides information about the availability of parking places in chosen areas of cities (car parks). Based on the information supplied by devices counting vehicles in car parks, the system determines the number of places available and provides information to Variable Message Signs. The system must provide current data on the availability of parking in order to allow their use by other subsystems (in particular by PIAS via the website). TSMS enables the implementation of features such as automatic supervision of the behaviour of road users (i.e. speeding and running a red light) and smooth and early detection of dangerous situations and road incidents, rapid reporting of hazardous incidents and road accidents to emergency and road services. The main function of the Traveller Information System (ATIS) is to process data, collected in databases and TRISTAR data warehouse and transfer them in the form of textual and graphical information to road users through VMS and VMB. The system can manage data provided by other systems or by the operator. The system is a primary source of knowledge about the road in terms of traffic volume, current and predicted traffic conditions, incidents and planned obstructions, weather on the roads and warnings of hazardous weather conditions for traffic. Information obtained from ATIS is used by PIAS (presented on the Internet portal and transferred in the form of radio communications in the future as well as through other media -such as satellite navigation) [4] , [8] .
ITS measures to improve the reliability and safety
In system engineering, reliability may be defined as the degree of stability of the quality of service that a system normally offers [9] . In a transport system such as a road network, there are two key elements that contribute to the level of service: travel demand flows and physical network/transport services (the supply of transport system). The degree of stability of the transport network system can be referred to as the ability of the network to meet the expected goals under different circumstances (e.g. variability in flows and physical network capacities). For example, it might be expected that the network should be able to cope with the variation in demand over different days of the week by maintaining a constant average travel time between different origin-destination pairs [10] . Alternatively, it might be required that the network is able to maintain at least one possible travel path between all OD (Origin-Destination) pairs under unexpected phenomena ranging from unexpected incidents (e.g. accidents) to environmental factors, which cause some link failures [11] . Clearly, many other definitions are possible [12] . A common theme running through the extension of techniques for reliability analysis will be seen to be the representation of (stochastic) uncertainty in the level-of-service provided by the network to the travellers using it, yet one may identify at least five classes of method that have arisen [13] :  connectivity reliability, examining the probability of complete failure of an OD movement caused by link capacity failures,  travel time reliability, estimating the distribution of OD or network travel times under variations in link travel times, the OD matrix and/or link capacities,  behavioural reliability, modelling the effect on mean behaviour and network performance of drivers' behavioural response to travel time variability,  capacity reliability, which aims to determine the range of OD demands that allow the network to function within its capacity,  vulnerability analysis, based on identifying vulnerable elements of a network under pessimistic assumptions. Reliability is regarded as a desirable transport network attribute. Technically, a reliable system is one that performs its required functions under stated conditions for a specified period of time. Under this definition, a road system that becomes congested with traffic during peak hour, significantly reducing speeds, could be regarded as unreliable, or 50% reliable, depending on the conditions specified. An alternative definition of reliability draws on the attribute of predictability. In this context, a congested road system where the speeds at different times of day and different days of the week are consistent, and hence predictable, would be ranked as highly reliable [14] . In both cases, ITS solutions are used that on the one hand, allow the determination of the state of the transport network, and on the other, raise the level of safety and improve the effectiveness of the transport system. Table 1 presents the possible positive impact of the UTMS subsystems within TRISTAR on the level of safety and increase in the efficiency of the transport systems [2] , [15] , [16] , [17] . Reliability is found as one of the most important attributes of public transport quality. Schedule reliability can be defined as the ability of a public transport system to follow the posted timetable. The main task of the Public Transport Vehicles Management System (PTVMS) is to keep regularity and punctuality. The system helps to take appropriate responses of public transport vehicles to disruption in the street network (using TPS). -minimisation of the loss of time, number of vehicle stops and length of queues, -minimisation of travel time in network and OD relations, -degree of saturation (capacity) optimization, -reduction of public transport vehicle delays in relation to the timetable.
-improving traffic conditions in the street network by optimizing the control parameters (especially delays at junctions) may help to reduce the number of vehicles or pedestrians to run a red light, -homogenization of traffic flow (in terms of speed) by optimizing offsets at junctions. PGS -informing drivers about available parking spaces and giving guidance for parking -transport demand management (regulating and restraining car use).
-reduction in total network travel time (reduced congestion), -reduction in travel time of drivers searching for a parking space, -balancing of parking demand and supply.
-improving the level of safety by reducing the distraction of drivers looking for available parking spaces. TSMS -automatic supervision of the behaviour of road users (speeding and running a red light), -early detection of unexpected, irregular incidents including accidents (Incident Detection Module) and immediately informing emergency and road services.
-homogenization of traffic flow (in terms of speed), -faster elimination of congestion and restoration of normal traffic in case of an incident (when combined with ATIS), -incident management systems contribute to shortening the travel time of emergency services by about 45%.
-implementation of automated traffic enforcement contributes to a reduction in the number of accidents by 20-80%, -reduction in accident severity due to faster access of emergency services (possibility of reducing the response time and the intervention of rescue services by 20-40%), -reduction in the number of secondary accidents of 7-50%. ATIS -informing drivers about delays, congestion, incidents, road works, alternative routes, -speed management (taking into account weather and traffic conditions) -transport demand management (regulating and restraining car use).
-faster elimination of congestion and restoration of normal traffic condition in case of an incident (when combined with Incident Detection Module), -balancing of traffic demand and supply on alternative routes (minimisation of overall and OD travel time, cost).
-homogenization of traffic flow in terms of speed (when combined with WPMS, MTSS, TSMS), -reduction in speed taking into account weather and traffic conditions (reduction in primary and secondary accidents, reduction in accident severity).
The Public Transport Vehicle Location Module provides information on the geographical location of all public transport vehicles currently in motion on the basis of the information provided with on-board computers equipped with a GPS satellite navigation system. Waiting time reliability is defined as the probability that the passengers' average waiting time is less than a given threshold [18] . This definition takes on a new meaning because the Passenger Information System (PIS) keeps passengers informed about the actual departure time of vehicles via variable message passenger information boards at bus stops as well as via passenger information terminals (trip planners) available at the transfer nodes and in shopping centres. Passenger information terminals and a web portal help to plan the trip taking into account delays of public transport vehicles. The Personal Information Access System (PIAS) provides information about traffic conditions before and during travelling both by private vehicle drivers and passengers of public transport vehicles. As part of the system, an Internet portal will be launched, the same for all the cities, where the information will be displayed. The Internet service will help to schedule the shortest and/or quickest route, based on public transport timetables (including local trains) and information about delays from PTVMS and other subsystems. Such information may change the transport behaviour of travellers (in the network as a whole and for individual OD relations -for redirecting travel paths and changing demand). The Transport Planning System (TPS) is assisted by tools (software packages) that are useful in the planning of transport systems, analysis of traffic conditions and tests and simulation of new planned traffic layouts. As part of the TPS, a multilevel model of transport systems (MST) is implemented, which supports the development of analysis and traffic forecasts for planning purposes. It also supports the needs of the current traffic management. MST uses data necessary for calibration or simulation directly from the databases and data warehouse of the TRISTAR system [4] , [8] . The TPS makes changes in the transport system more predictable and controllable which can improve the level of network reliability.
Conclusions
Defining and controlling transport network reliability (and its degree) is extremely difficult due to the different classes of network reliability and various types of users often competing with each other. In addition, a higher level of safety may decrease levels of reliability (capacity, travel times). The key words characterizing reliability seem to be acceptable, predictable and controllable. Planning reliability levels (including political decisions) is also important. The effect may be that higher redundancy is incorporated into e.g. planned travel times, to minimise the impact of unanticipated delays on scheduled activities. This may then lead to a worsening of the welfare of society as a whole. Commercial organisations also often experience the problem of unpredictability in transport costs due to the uncertainty in the transport system, as a consequence, the risk may be transferred to the price of commodities [12] . While other services (electricity, water supply, communication networks) can be restored in a relatively short period of time, the restoration of transport systems depends highly on the accessibility of failure points using the transport infrastructure including ITS solutions. The majority of reliability indicators monitor the performance characteristics of the whole system rather than the satisfaction of different users' needs (e.g. for a network provider or operator, the focus is on system robustness/vulnerability, while for a network user, the focus is on the variability of travel times experienced by the user) [14] . The network user may be a pedestrian, driver (private or freight transport), cyclist, passenger of public transport or someone taking a multimodal journey. A greater efficiency of the transport system and a higher level of safety can be achieved through the use of complex solutions, such as the ITS. In view of this, the Gdansk University of Technology conducts research on new solutions of ITS within the framework of the research project CIVITAS DYN@MO. Within this project a multilevel model of transport systems (MST) has been developed, which will increase the predictability in the operational management of transport. Measures such as incident detection will also contribute to increased efficiency of the system and increase the level of safety.
